ABSTRACT: Low-frequency noise (LFN) is of significant implications in ion sensing. As a primary component of LFN for ion sensing in electrolytes, the solid/liquid interfacial noise remains poorly explored especially regarding its relation to the surface binding/de-binding dynamic properties. Here, we employ impedance spectroscopy to systematically characterize this specific noise component for its correlation to the dynamic properties of surface protonation (i.e., hydrogen binding) and deprotonation (i.e., hydrogen de-binding) processes. This correlation is facilitated by applying our recently developed interfacial impedance model to ultrathin TiO 2 layers grown by means of atomic layer deposition (ALD) on a TiN metallic electrode. With an excellent fitting of the measured noise power density spectra by the model for the studied TiO 2 layers, we are able to extract several characteristic dynamic parameters for the TiO 2 sensing surface. The observed increase of noise with TiO 2 ALD cycles can be well accounted for with an increased average binding site density. This study provides insights into how detailed surface properties may affect the noise performance of an ion sensor operating in electrolytes.
The dominant contributor to the noise in ion-/bio-sensing sensors is known to prevail in the low-frequency regime [1] [2] [3] [4] . As such, low-frequency noise (LFN) is the primary cause responsible for limiting the resolution in sensing applications. Ion sensitive field-effect transistor (ISFET) technology finds a vast variety of applications in chemistry and biomedicine [5] [6] [7] , and the LFN behavior of an ISFET has received extensive in-depth investigations [2] [3] [4] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . On one hand, it has been shown that the LFN of the various forms of ISFETs investigated can originate from the solid-state part of the devices, in particular their conducting channel 2, 8, [10] [11] [12] 17, 20, 22 or surrounding dielectric layers 19, 21 . On the other hand, there is evidence showing the ISFET LFN to be a result of the adsorption/desorption events occurring at the sensing surface of the devices 3, 4, 16, 18, 23 . Our previous work 16 concludes from experimental viewpoint that the LFN originating from the solid/liquid interface is of thermal nature and its amplitude is comparable with that from the semiconductor/oxide interface.
Based on our recently developed interfacial impedance model 25 that incorporates the standard site-binding model 26 , we have confirmed that the interfacial noise is directly linked to the dynamic nature of the binding/de-binding reactions of surface hydrogen ions (H + ). The present work is aimed at elucidating the correlation of the interfacial LFN to the surface dynamic properties, i.e. reaction rate constants and binding site density. This is carried out by applying our model to ultrathin TiO 2 layers grown by means of atomic layer deposition (ALD). By varying the thickness of the resulting TiO 2 layers via designing the number of deposition cycles, we are able to identify how the dynamic properties are affected by subtle changes in the structure and morphology of the sensing surface.
RRESULTS AND DISCUSSION
Noise modeling 25 On the basis of the site-binding model 27 , charging of an oxide surface in contact with an electrolyte is ascribed to the H + adsorption on/desorption from the surface hydroxyl (OH) groups.
The latter form the binding sites for negatively/positively charged adsorbates. The relevant processes are described by the following reversible reactions: 
In this model, the kinetic barrier E c of the binding reactions, which is inevitably modulated by the electrostatic force from adjacent charged sites 28 , can vary from site to site. Therefore, the binding site density S N is assumed to be distributed and to follow a normal distribution in E c as the following: can be described using the marked equivalent circuit depicted in Figure 1a . The total site-binding admittance Y SB for all the sites should be the integral of SB ( ) c y E over the whole energy range, i.e.
The capacitance of the electrical double layer (EDL) DL C , also illustrated in Figure 1a , is in parallel with the SB Y network 29 . Therefore, the total electrochemical impedance for the oxide/liquid interface, denoted by int Z , can be expressed as:
Because the potentiometric LFN correlates excellently to the real part of its electrochemical impedance spectrum 16 , the real part of the impedance can, thus, represent the LFN originating from the oxide/electrolyte interface. It is calculated by,
where, n V S denote the voltage noise power spectrum.
Experimental
For electrode fabrication, a 100-nm thick Ti layer was first sputter-deposited on a glass wafer. Table 1 . The EIS measurement was performed with the same measurement setup. The impedance spectrum was measured at 10 mV root-mean-square (RMS)
AC from 100 mHz to 1 MHz. The measurement data was averaged over 30 cycles for each frequency point. The sampling pH was 5, 7, and 9 for the EIS measurement. The values of the modeling parameters are also given in Table. 1. In what follows for noise analysis, we will focus on pH=7, with an excellent fitting detailed in Figure 2 . 
where, the second equation is based on Re(Y int )=Re(Y SB ), as illustrated in the equivalent circuit in Figure 1a . Specifically, the sample-dependent trend of SB Re( ) Y extracted from the measurement, as depicted in Figure 3a , becomes the benchmark to which the trend of SB Re( ) Y calculated with the sample-dependent dynamic properties will be compared, as will be discussed momentarily. 
C. Average of the distributed properties
As discussed in section 2, S 
Results and discussion
In Figure 5a Since S a is kept constant by a large C buff for similar surfaces at the same pH, A c estimated via eq 11 will be determined mainly by f M and is not expected to vary much from sample to sample. As shown in Figure 7 with three site-binding branches characterized by E c1 to E c3 for illustration, the noise spectrum envelope consists of contributions from distributed site-binding branches with different kinetic barriers E c . It is the sites with large E c that would contribute most to the noise in the low-frequency regime; the amplitude of the LFN is primarily determined by the N ss with large E c. Therefore, to minimize the LFN, reducing the N ss with large E c can be an effective approach. 
